that is exclusively transcribed in the developing retina
that is exclusively transcribed in the developing retina (W and X) Dorsal views of control and ath5-injected 2 somite stage and 70% epiboly stage embryos labeled to show neuroD (nrd) and huC expression, respectively. There is robust induction of both genes in the ath5-injected embryos. Abbreviations: cmz, ciliary marginal zone; dr, dorsal retina; inl, inner nuclear layer; nr, nasal retina; pl, photoreceptor cell layer; rgl, retinal ganglion cell layer; tr, temporal retina. in a pattern that predicts neuronal differentiation. ath5 adjacent to optic stalk tissue wherever this may be within the optic vesicle; ablation of the interface between expression is absent in oep mutants, suggesting that axial tissues, possibly the prechordal plate, are required retina and optic stalk inhibits ath5 expression; and transplanted optic stalk cells can induce ath5. We also show to initiate ath5 expression and subsequent neuronal differentiation. However, transplant and explant experithat in the absence of induction of ath5 in ventronasal retina, expression fails to progress to dorsal and tempoments suggest that ath5 expression is not initiated through direct interaction between prechordal plate and ral retina, suggesting that a retinal neurogenic wave may be regulated by a series of short-range signaling events prospective retina. We favor the possibility that prechordal plate influences the formation of optic stalk tisthat proceed across the retina. These results reveal unexpected similarities between the mechanisms underlysue that subsequently regulates ath5 expression in the retina. In support of this, ath5 is always induced directly ing neurogenesis in the eyes of flies and vertebrates. Figure  1A ), spreads from nasal to more dorsal and temporal retina over the next few hours ( Figures 1B and 1C) , and is present throughout most of the neural retina at 36 hr ( Figure 1D ). By 72 hr, when retinal ganglion cell, inner (Figures 1F-1O) .
Results

Zebrafish
injected DNA encoding Ath5 under the control of the We confirmed that neuronal differentiation is indeed CMV promoter. Injected embryos exhibited very strong initiated in ventronasal retina by examining other neuinduction of neuroD, a potential target for Ath5 within ronal markers. neuroD encodes a bHLH protein exthe retina ( Figure 1W ). Supporting the possibility that pressed during late phases of neurogenesis . Within the retina, neuroD expression is initiated in Ath5 may directly regulate neuroD expression, ectopic the ventronasal region and subsequently spreads dorath5 often cell autonomously induced neuroD (data not sally and temporally within the outer retina ( Figures 1P  shown) . Confirming that Ath5 could promote formation and 1Q). Likewise, the first retinal ganglion cells to be of neurons, injected embryos also showed strong and labeled with anti-acetylated ␣-tubulin antibody are presprecocious expression of huC (Kim et al., 1996) , an early ent in the ventronasal retina ( Figure 1R In cyc Ϫ/Ϫ embryos, ath5 expression is initiated in a within, the domain of ath5 expression ( Figure 1V ). These single spot in nasal retina at the midline of the fused results indicate that ath5 is neither expressed in the eye ( Figure 2A ) and subsequently spreads bilaterally most proliferative cells of the ciliary marginal zone nor from this position throughout the retina ( Figure 2B ). In within differentiated neurons of the central retina. Incontrast to cyc, ath5 expression fails to be induced at stead, in agreement with data in Xenopus on Xath5 (Perron et al., 1998), we suggest that ath5 is expressed around 25hpf in oep Ϫ/Ϫ embryos ( Figure 2C ) and is still axial defects with more severely affected embryos lackIn support of this possibility, ath5 expression was only ing prechordal plate and notochord, and exhibiting an lost in Nodal pathway mutant embryos that exhibited oep-like fused eye ( Figure 4D ). In the retina of these severe axial defects. Thus, analysis of another Nodal embryos (n ϭ 6), ath5 transcripts were absent (Figure pathway mutation, squint (Feldman et al., 1998), showed 4E), indicating that ath5 expression is dependent upon that ath5 was sometimes expressed, sometimes absent, correlating with variable severity of axial deficits (data organizer-derived tissues even in genetically wild-type retina. Together, these data suggest that loss of prechordal axial tissues underlies the defects in neurogenesis in the oep Ϫ/Ϫ retinas.
The Influence of the Prechordal Plate upon ath5
Expression Is Indirect Signals from prechordal mesendoderm could either di- distal regions of the optic cup and represses retinal confirming that the boundary between optic stalk and nasal retina is disrupted by the operation. These data fates, thereby repositioning the boundary between neural retina and optic stalk (Ekker et al., 1995; Macdonald suggest that interaction between the optic stalk and nasal retina is necessary for induction of ath5 expreset al., 1995). In shh-overexpressing embryos, ath5 expression is always initiated directly adjacent to the most sion. Furthermore, the absence of ath5 expression in dorsal and temporal regions of eyes with optic stalk distal pax2.1-expressing cells ( Figure 5F ). We also observed that at low efficiency, shh overexpression in ablations suggests that the spread of ath5 expression to temporal retina is dependent upon initiation of expresoep Ϫ/Ϫ embryos led to induction of pax2.1 in a small cluster of midline cells. In such oep Ϫ/Ϫ embryos, ath5 sion in ventronasal retina. To determine if optic stalk tissue can promote ath5 expression was initiated in cells adjacent to the domain of pax2.1 expression ( Figure 5G ). These data suggest expression, optic stalk cells were transplanted into temporal retina. This was a difficult operation as cells often that the optic stalk or the boundary between neural retina and optic stalk produces signals that induce ath5 failed to integrate into the retina. However, in some cases, ectopic ath5 expression was observed adjacent expression. This is consistent with the observation that a few pax2.1-expressing cells are present at the rostral to the transplanted tissue (in three of nine embryos) at a stage when ath5 expression is normally restricted to tip of the fused eye of cyc mutants (Macdonald et al.,  1995) , whereas no pax2.1 expression is detected in the ventronasal retina ( Figures 6I-6K ), suggesting that optic stalk can cell nonautonomously promote ath5 expresoep Ϫ/Ϫ eye ( Figure 5H; Hammerschmidt et al., 1996) . sion in adjacent neural retina.
Tissue at the Boundary between Optic Stalk and Neural Retina Can Regulate ath5 Expression
Nodal Signaling Inhibits pax2.1 and ath5 Expression Our observations suggest that Nodal signaling mediated To test the possibility that the optic stalk/retinal interface induces ath5 expression, we ablated tissue at this by zygotic Oep induces prechordal mesendoderm that promotes the formation of optic stalk tissue, which in boundary either surgically or using a focused laser beam ( Figures 6A and 6B) . When the ablation was performed turn regulates retinal neurogenesis. However, further analysis revealed that, conversely, Nodal signaling meat 18hpf, ath5 expression was often absent in the retina on the ablated side at 33hpf (Figures 6C and 6D ; 10 of diated by maternal and zygotic Oep may induce inhibitors of optic stalk fate/retinal neurogenesis, probably 25 embryos), whereas normal expression was observed in control eyes (Figures 6C and 6E) . Eyes in which ath5 through specification of nonaxial mesoderm. Mesendodermal derivatives are reduced but still presexpression was absent lacked pax2.1-expressing cells directly adjacent to the nasal retina (Figures 6F-6H Figure 7A , compare to Figure 5H) . Furthermore, ath5 expression is also present adjacent to the pax2.1 expression domain in MZoep mutants ( Figure 7A ). Similarly, ath5 is expressed in the anterior retina of sqt;cyc double mutants ( Figure 7B ) despite the increased overall phenotypic severity of double mutants compared to either single mutant alone. These experiments imply that in zygotic oep Ϫ/Ϫ embryos a residual degree of Nodal signaling, dependent upon maternal Oep protein, inhibits the induction of pax2.1 and ath5 in eye tissue.
To confirm that blocking Nodal activity does lead to reinitiation of pax2.1 and ath5 expression, we manipulated levels of Nodal signaling through overexpression of a Nodal antagonist. Antivin is member of the Lefty family of TGF␤ family proteins that can antagonize the activity both of Nodals (Meno et al., 1999) and Activins (Thisse and Thisse, 1999). Injection of 1 pg of antivin RNA caused phenotypes that ranged in severity between zygotic oep and MZoep mutants ( Figure 7C ). In embryos that exhibited phenotypes less severe than MZoep or cyc;sqt double mutants, pax2.1 and ath5 expression was absent (Figures 7D and 7E) . However, 
